In order to clarify the mechanism of the host response to influenza virus, gene-expression profiles of peripheral blood obtained from paediatric patients with influenza were investigated by oligonucleotide microarray. In the acute phase of influenza, 200 genes were upregulated and 20 genes were downregulated compared with their expression in the convalescent phase. Interferon-regulated genes, such as interferon-induced protein with tetratricopeptide repeats 2 (IFIT2) and vipirin, were strongly upregulated in the acute phase. Gene ontology analysis showed that immune response genes were highly overrepresented among the upregulated genes. Gene-expression profiles of influenza patients with and without febrile convulsion were also studied. In patients with febrile convulsion, 22 genes were upregulated and five were downregulated compared with their expression in patients without febrile convulsion. These results should help to clarify the pathogenesis of influenza and its neurological complications.
Influenza virus is one of the major pathogenic organisms in human populations, and it produces a spectrum of clinical responses ranging from upper respiratory illness to central nervous system involvement (Delorme & Middleton, 1979; Wright & Webster, 2001) . The host response to influenza virus has not been fully elucidated in humans. Influenza virus replicates in the epithelial cells of the upper respiratory tract, which has several mechanisms to protect against influenza infection. Patients with influenza have respiratory symptoms, such as cough and rhinorrhoea, owing to mucosal inflammation and an influx of polymorphonuclear cells (Wright & Webster, 2001) . In addition to these symptoms, most patients with influenza suffer from systemic symptoms, including high fever, myalgias and malaise. To date, the initial responses to influenza virus infection have been investigated mainly in the respiratory tract (Hayden et al., 1998; Kaiser et al., 2001; Skoner et al., 1999) ; however, the global host response to the virus has not been investigated in humans.
Recently, there has been an increase in the number of reports of influenza-associated encephalopathy in Japan and other countries (Kasai et al., 2000; Morishima et al., 2002; Newland et al., 2003) . Patients with influenza-associated encephalopathy often develop multi-organ failure and have high rates of morbidity and mortality. In addition to encephalopathy, influenza virus infection is associated with a higher incidence of febrile convulsions compared with other viral infections (Chiu et al., 2001; Kawada et al., 2004) . The pathogenesis of these complications has not been fully understood, although it may be that encephalopathy and febrile convulsion are provoked by the same mechanism (Kawada et al., 2003b) .
The aim of the present study was to analyse gene-expression profiles in the peripheral blood of influenza virus-infected patients in order to reveal the mechanisms of the host response to influenza virus. An oligonucleotide microarray was used to reveal global host responses to influenza virus infection in children. This technique allows the expression patterns of thousands of genes to be studied in parallel. In addition, the gene-expression profiles of influenza patients with or without febrile convulsion were compared.
Nine patients with influenza who presented during one of two influenza seasons (2002-2004 seasons) were enrolled in this study. Their ages ranged from 3 months to 4 years (median 2 years) and all had typical clinical signs and symptoms of influenza, such as acute onset of fever, cough, chills and nasal congestion. Five patients with febrile convulsion were included. They had convulsions of short duration (1-5 min) provoked by fever but recovered without any sequelae. Four patients without febrile convulsion from the same district as those with febrile convulsions were selected as age-matched controls. None of the patients had underlying disease. Cultures of blood, cerebrospinal fluid and throat swabs showed no indication of central nervous system infection by other viruses or bacteria. They also did not receive aspirin or folk remedies during the influenza episodes. Influenza infection was confirmed by a fourfold or greater increase in haemagglutinin inhibition test titres and/or virus antigen detection in the throat using the latex agglutination test. All viruses were identified as type A influenza (H3N2). At the time of enrolment, antibody titres against H3N2 were negative (<10) in six of seven tested patients, suggesting that most patients were naive to influenza virus. Only one patient had received influenza vaccination before infection. As controls, four healthy children were also enrolled in this study. All samples were obtained from Aichi prefecture, which is located in the centre of Japan. Informed consent was obtained from the parents of all children participating in this study. This study was approved by the ethical committee of Nagoya University Graduate School of Medicine.
Peripheral blood was collected from patients both in the acute phase of the disease [0-2 days after the patients had high-grade fever (>38?0 uC)] and in the early convalescent phase (1-5 days after body temperature returned to normal). Whole blood (2?5 ml) was drawn directly into a PAX gene blood RNA tube (Qiagen), and total RNA was purified with PAX gene blood RNA kits (Qiagen) according to the manufacturer's protocols. White blood cells in the acute phase of influenza contained a mean of 61 % granulocytes, 31 % lymphocytes and 5 % monocytes. Total RNA (400 ng) was amplified and labelled using the Agilent Low RNA Input fluorescent linear amplification kit (Agilent Technologies). For each patient, acute-phase and early convalescent-phase samples were labelled with Cy3 and Cy5, respectively. Hybridizations on the microarray slide of Human 1A (Agilent Technologies), which contains 17 086 sequenced human genes, were carried out for 17 h in a rotating hybridization oven using an in situ hybridization kit (Agilent Technologies). The slides were washed as indicated in the protocol and were then scanned with an Agilent Scanner (G2565).
Microarray expression data were obtained using the Feature Extraction software (Agilent Technologies). The raw data on the intensity of gene expression in the acute phase were normalized by Z transformation to obtain Z scores (Cheadle et al., 2003) . The latter were calculated by subtracting the mean intensity of gene expression in the convalescent phase from the mean intensity of gene expression during the acute phase for each gene and then dividing that result by the standard deviation of gene expression intensity during the convalescent phase. Using this approach, it was possible to compare the results from different experiments. A gene was defined as being upregulated in the acute phase if the Z score was greater than 1?96 (P <0?05) and downregulated if the Z score was less than 21?96. In addition, levels of gene expression were compared among clinical categories and Z scores were calculated for each clinical category [no febrile convulsion, Z (N); febrile convulsion, Z (FC)]. Differences in gene expression were evaluated by comparing these scores. The transcription of a gene was considered to be upregulated more in patients with febrile convulsion than in patients with no febrile convulsion if Z (FC)2Z (N) was greater than 3?92 (P <0?05). The applicability of these methods to microarray data was examined and verified in previous studies (Hong et al., 2004; Kim et al., 2003) .
The molecular changes associated with influenza virus infection in vivo were investigated by microarray analysis of RNA from peripheral whole-blood samples using a 17 086-element oligonucleotide microarray. Gene-expression intensity data collected from all nine patients with influenza infection were used. Overall, 200 genes were found to be upregulated (Z >1?96) and 20 genes were found to be downregulated (Z < 21?96) in acute-phase influenza. Fig. 1 shows the Z scores of 15 genes that were upregulated and 15 genes that were downregulated. Interferon-induced protein with tetratricopeptide repeats 2 (IFIT2) and vipirin (cig5), which is also induced by interferon, were respectively the most and second most upregulated genes in acute-phase infection. Protein tyrosine phosphatase receptor type C (PTPRC), which was the third most upregulated gene, is an essential regulator of T-and B-cell antigen receptor signalling. Prolactin (PRL), which is a growth hormone that stimulates lactation, was the most downregulated gene in acute-phase influenza. Summaries of the genes that were up-or downregulated in the acute phase are shown in Supplementary Table S1 available in JGV Online. RNA from healthy children was also analysed using the same assay system. Of 200 genes that were upregulated in the acute phase of influenza, only three were upregulated (Z >1?96) in the control children (Supplementary Table S1 ). Similarly, of 20 genes that were downregulated in acute influenza, only two genes were downregulated (Supplementary Table S1 ). Thus, in the group of healthy children, only a few genes were up-or downregulated, indicating that the up-or downregulation seen in influenza patients is specific to influenza infection.
To determine the categories of significantly overexpressed genes, Expression Analysis Systematic Explorer (EASE) software version 2.1 (National Institutes of Health, USA) was used (Hosack et al., 2003) . Each gene was classified according to its ontology, by which genes are organized into hierarchical categories based on biological process, molecular function and cellular component (Ashburner et al., 2000; Boyle et al., 2004) . Based on an analysis using EASE software, several gene ontology categories were identified as being overrepresented (EASE score <0?05). Genes assigned to the category of immune response genes were the most overrepresented among the upregulated genes (EASE score 0?00000001). Genes in ontology categories associated with the immune response, such as defence response and response to biotic stimulus, were also overrepresented (EASE scores of 0?00004 and 0?00007, respectively). Representative gene ontology categories considered to be overrepresented are shown in Fig. 2 . Table 1 . Gene ontology analysis was also carried out for upregulated or downregulated genes in patients with febrile convulsion, but no gene ontology categories were found to be significantly overrepresented (EASE score >0?05).
In this study, an oligonucleotide microarray was used to reveal global host responses to influenza A virus infection. Microarray technology has been used previously to investigate the pathogenesis of this disease. Gene-expression profiles of lung cells and middle-ear epithelial cells infected with influenza virus in vitro have been examined (Geiss et al., 2002; Tong et al., 2004) . Furthermore, the host immune response to influenza A virus was investigated using the lungs of influenza-infected mice and pigtailed macaques (Baskin et al., 2004; Kash et al., 2004) . These in vitro and animal studies showed that influenza virus infection results in a significant induction of genes involved in the interferon pathway. To investigate the global host response to influenza, gene-expression profiling of peripheral blood from patients with influenza was carried out using a microarray. We showed that interferon-regulated genes, such as IFIT1, IFIT2 and vipirin, were strongly upregulated in the acute phase of influenza. Furthermore, many other genes associated with the immune response were upregulated. These results are consistent with the gene-expression profiles obtained by microarray analysis of influenza virus-infected lung cells (Geiss et al., 2002; Tong et al., 2004) . It has been shown that interferon-regulated genes are activated in vitro in human peripheral blood infected with influenza virus (Ronni et al., 1995) . Our results are compatible with these gene-expression profiles, indicating that our method is a reliable approach to investigate the pathogenesis of influenza. The global host response to influenza virus could be established in clinical samples.
The clinical manifestations of influenza in children are similar to those seen in adults, but there are also some distinct differences between these two populations. In children, influenza is accompanied occasionally by febrile convulsion and rarely by encephalopathy (Chiu et al., 2001; Morishima et al., 2002) . Influenza-associated encephalopathy is a severe disease with high mortality. Febrile convulsion, which results in impaired consciousness lasting <24 h, may be difficult to differentiate from encephalopathy, and it may be that encephalopathy and febrile convulsion are provoked by the same mechanisms (Kawada et al., 2003b) . In this study, 22 genes were upregulated and five genes were downregulated in patients with febrile convulsion compared with their expression in patients without febrile convulsion. Although gene ontology analysis did not identify significantly overrepresented categories for these genes, we found that some interesting genes were included. Apolipoprotein L (APOL1) and ATP-binding cassette, subfamily D, member 2 (ABCD2) are associated with fatty acid metabolism (Duchateau et al., 1997; Holzinger et al., 1999) . This finding is of interest because Reye's syndrome, which involves acute encephalopathy, is associated with a disturbance in fatty acid metabolism (Ogburn et al., 1982) and often follows influenza virus infection and salicylate therapy in children (Belay et al., 1999; Starko et al., 1980) . None of the patients enrolled in this study received salicylate, but it may be that patients with genetic abnormalities in fatty acid metabolism are more likely to experience neurological complications. ABCD2 is also an adrenoleukodystrophy-related protein. Adrenoleukodystrophy is characterized by demyelination in the central nervous system (Moser, 2000) . Furthermore, neureglin 1 (NRG1), which induces the growth and differentiation of neuronal and glial cells (Law et al., 2004) , was also upregulated.
The pathogenesis of influenza-associated encephalopathy remains unclear. Viral RNA is rarely detected in the cerebrospinal fluid, and viral antigen is not present in the brain (Ito et al., 1999; Kawada et al., 2003a) . Pathological findings, including the lack of detectable viral antigen and inflammatory cells in brain tissues, suggest that direct viral (Aiba et al., 2001; Ito et al., 1999) . In a previous study, we showed that transcription of IL-6 and IL-10 genes in peripheral leukocytes is upregulated in patients with influenza-associated encephalopathy (Kawada et al., 2003b) . Furthermore, several studies have suggested an association between febrile convulsion and pro-inflammatory cytokines (Straussberg et al., 2001; Virta et al., 2002) . In this study, the transcription levels of pro-inflammatory cytokine genes in patients with febrile convulsion were not significantly different from those in patients without febrile convulsion. Several reasons may account for this discrepancy. Firstly, unlike in patients with influenza-associated encephalopathy, the transcription levels of pro-inflammatory cytokines may not be upregulated in patients with febrile convulsion. Febrile convulsions might not be an appropriate marker of neurological complications and our results may not be generalized to other forms of neurological complications, such as Reye's syndrome, acute necrotizing encephalopathy and myelitis. Secondly, it may be that the differences in the transcription levels were too small to be detected by microarray techniques.
To our knowledge, this is the first study to show the global host responses in peripheral blood of patients with influenza. The data suggest that microarrays can be applied to the investigation of clinical samples from patients with acute viral infection. Our results should help to clarify the pathogenesis of influenza and its neurological complications, including encephalopathy.
